Introduction
Catalyst developmentf or low-temperature natural-gas (NG) combustion has received significant attention because of the forecasted increase in NG-fueled devices [1] and the need fore fficient emission control of methane with ag reenhouse gas potential exceeding that of CO 2 by 23 times. [2] There are many exampleso fm ethane emissions that encompass aw ide range of conditions. For example, increasing interesti nN G-fueled vehicles has increased demand for an effective catalystthat can oxidize methanei nalean wet environment. There are also numerous examples of fugitiveC H 4 emission sources that are lean and dry.Alarge source of methane emissions is the vent gas from underground coal mines that is burned to produce heat. [3] The oil and gas industry also has many fugitivee mission sources, including emissions from NG compressor stations and the vent gas from oil wells. [2] The volumetric efficiency and operating temperature range of current palladium-basedc atalysts require improvement for successful device commercialization, which promotes the search for suitable metal promoters and supports. [2, 4] The activechemical state of palladiuminlean methane combustionh as been am atter of debate. The turnover rates increasedb ya no rder of magnitude with at hreefold increasei n the Pd/PdO x ratio, as measuredb yN H 3 temperature-programmed desorption (TPD), and the coexistence of metallicP d with PdO was claimed to be paramount. [5] However,af urther ratio increaset of ive was found to be detrimental to catalytic activity. [5] Farrauto et al. showed al oss of activity when metallic palladium was formed under reducingr eaction conditions. [6] The group of Iglesia reported that the methane oxidation rate coefficients at various oxygen pressures at 700 8Cw ere as ingle functiono ft otal oxygen content in Pd/Al 2 O 3 catalysts with nanoparticle sizes from 1.8 to 8.8 nm. [7] The conclusion was drawn from oxygen uptake and evolutionm easurements, methane combustion kinetic measurements, and thermodynamic calculations.U sing in situ extended X-ray absorption fine structure (EXAFS) measurements, Grunwaldt et al. detected the presence of metallic Pd on aP d/ZrO 2 catalyst at 500-550 8Ca nd suggested its beneficial effect, considering that the activity of prereduced catalyst was highert han that of the oxidized catalyst. [8] An operando Ramanstudy of the Pd/Al 2 O 3 catalyst in the 25-500 8Cr ange detected only palladium oxide forming under the reactionc onditions; [9] this is consistent with thermodynamic expectations and the kinetic investigation of Pd/ZrO 2 catalysts by Fujimoto et al. [10] Thel atter study explained the frequently reported requirement of the coexistence of PdÀPdO x by aM ars-van Krevelen mechanism when CH 4 is activated on site pairs consisting of Oa toms and Ov acancies on the PdO x surface.T hese vacancies can also be easily poisoned by water,w hich is known for its strong inhibitory Palladium-platinum bimetallic catalysts supported on alumina with palladium/platinum molar ratios ranging from 0.25 to 4 are studied in dry lean methane combustion in the temperature range of 200 to 500 8C. Platinum addition decreasest he catalysta ctivity,w hich cannotb ee xplained by the decreasei n dispersion or the structure sensitivity of the reaction. In situ Xray absorption near-edges tructure and extendedX-ray absorption fine structure spectroscopy measurements have been conducted form onometallic Pd, Pt, and 2:1P d ÀPt catalysts. Monometallic palladium is fully oxidized in the full temperature range, whereas platinum addition promotes palladium reduction, even in ar eactive oxidizing environment. The Pd/PdO weightr atio in bimetallic PdÀPt 2:1c atalysts decreases from 98/2 to 10/90 in the 200-500 8Ct emperature range under the reactionc onditions. Thus, platinum promotes the formation of the reduced palladium phase with as ignificantly lower activity than that of oxidized palladium. The study sheds light on the effect of platinum on the state of the active palladium surface under low-temperature dry lean methane combustion conditions, which is important for methane-emission control devices.
effect on palladium-catalyzed methane combustion.T hus, knowledge of the required chemical state of palladium under the reactionc onditions and the ability to controli t, if necessary,i sp aramount to designing an efficient and stable NG combustion catalyst.
In the quest for as uitable promoter to enhance the performance of palladium in methane combustion, platinum has been extensively used. [11] [12] [13] [14] [15] Monometallic platinum is ap oor methanec ombustion catalystu nder lean conditions. [16] In an oxidative atmosphere,P to nag-alumina support is more susceptible to sintering than Pd;t hus, in PdÀPt formulations,P d stabilizes Pt as ar esult of strong interactions between PdO and the support. [17, 18] In bimetallic catalysts, the chemicalstates of palladium and platinum can be affected by their ratios, preparation methods, and catalyst support to enhance or suppress methane conversion. [13, 15, [19] [20] [21] [22] [23] [24] [25] The reactivities of palladium and platinum towards oxygen depend on the temperature and partial pressure of oxygen, [7, 17, [26] [27] [28] [29] metal support, [27, 30] and nanoparticle size. [7, 31] In addition to metallicP da nd Pt, oxide species,s uch as PdO, PdO 2 , PtO, PtO 2 ,a nd Pt 3 O 4 ,m ay be present. [32] [33] [34] [35] In bimetallic catalysts, the formation of mixed-oxide phases of Pd x Pt 1Àx O y was shown through DFT calculations by Dianate tal. [35] The addition of platinum to palladium wass uggested to stabilizet he highero xidation state of palladium. The oxygen-binding energy in the PdÀPt catalysts was found to be higher on palladium-rich surfaces because of charget ransfer from Pd to Pt atoms. [36] The extent of palladium segregationt o the surfacea fter oxidative aging at 750 8Cw as found to be insignificant in one study, [37] but was claimed to be important in another. [38] An improvement in the dissociation of methane and oxygen adsorption was suggested by Persson et al. to be the reason for the higher activityo fb imetallic PdÀPt catalysts as compared to monometallic Pd. [32] Kinnunen et al. believed that the proportions of metal and metal oxide surface sites determined the catalytic activity when as mall amount of Pt was necessary to enhancet he low-temperature conversion,b ut ah igher Pt contentw as detrimental due to the suppressed reoxidation of Pd. [11] Thermogravimetric analysiso fP d, Pt, and PdÀPt catalysts in air showed that Pt stabilized Pd in its reduced form and shifted the onset of deactivation by PdO!Pd transformation to lower temperatures in the range of 850-950 8C, leading to lower intrinsic activity in lean methane combustion. [14] At the same time, Pt improved the sintering resistanceo fP d, which resultedi na no verall beneficial effect on methane combustion at low Pt loadings (Ptm ass fraction < 10 %). [14] In line with these observations, an ex situ X-ray absorption (XAS) studyo f PdÀPt catalysts oxidized at7 50 8Cr evealed that Pt helped Pd to maintain its reduced form when only 20-30 %o fP dw as present in its oxide form. [37] The reported observations of the effect of platinum on palladium covered temperatures above 600 8C, [14, 37] which is beyond the range of interest for low-temperature methane combustion, and did not investigate the metal chemical states under the reaction conditions. Herein, we shed light on the effect of Pt on Pd/PdO x distribution in PdÀPt/Al 2 O 3 methane combustion catalysts in al ow-temperature range of interest (200-550 8C) through an in situ XAS study and the effect of reduced Pd on dry lean methanec ombustion.
Results and Discussion
Ta ble 1s ummarizes the range of synthesized PdÀPt and monometallicc atalysts supported on commercial g-Al 2 O 3 and their dispersions, as determined from CO chemisorption. The catalyst notation is based on the molarr atio of the two metals and reflects the metal loadings determined by NAA. Thes amples were precalcined in air at 550 8Cf or 16 h, which is ar ecommended commercial procedure precedinga utomotive catalytic converter testing for lean burn applications. For the dispersion determination,a1:1s toichiometry of the adsorbed CO per surface mole of Pd and/or Pt was assumed.
As expected, [39] the addition of palladium to platinum preventedi ts excessive sintering, which also can be seen in the TEM images of the calcined catalysts ( Figure 1 ). Ar icher palladium content of the catalysts resultsi nal ower degree of sintering.
The catalysts were tested in dry lean methane combustion, and the corresponding methane conversions in the temperature-programmed reactions are shown in Figure 2 .
Only the first ignition curve is reported for each catalyst, the duration of which is short enough compared with precalcination for 16 ha t5 50 8C, so that the effect of in situ restructuring may be consideredn egligible. The curve for monometallic pre- reduced palladium is not shown because it is identical to that of oxidized palladium within a3 %e rror.M onometallic platinum shows extremely low activity relative to that of palladium; platinum is indeed known for efficient methane combustion only under fuel-rich conditions. [16] Because Pt showedv ery low activity,a ll tests with monometallic Pd and bimetallic PdÀPt catalysts were performed at the same Pd loading in ther eactor (1.2 mg). The methane conversionsa t3 50 8Ca re also summarized in Ta ble 1.
Clearly (Table 1a nd Figure 2 ), ah igher PdÀPt ratio results in more efficient combustion at lower temperatures. Because metal dispersions also increase with the ratio, ah ypothesis on the negative effect of Pt due to larger particle size was verified by calculating the catalyst activity per mole of surfaceP d atoms because of its significantly higher activity than that of Pt. Assuming for now the structure-insensitive reaction, surface-normalized activities [turnover frequency( TOF)] should stay constant per active component,i rrespective of nanoparticle size. For the calculation, first order in methane and zero order in hydrogen werea ssumed , [10] and the rate constants found were used to calculate the initial reaction rates at 350 8C ( Figure 3) .
As seen in Figure 3 , the surface-normalized activitiesd rop by an order of magnitude with increasing platinum content in the bimetallic catalysts, whichi ndicates that platinum does not simply dilute the active palladiums urface. Palladium-surfacenormalized activities were calculated based on the assumption of the same surface PdÀPt ratio as that in the bulk. The extent of palladium segregation to the surface after oxidative aging at 750 8Cw as found to be insignificant in one study, [37] but was claimed to be important in another. [38] If it occurred, the decrease in palladium-surface-normalized activity with platinum addition would be even more dramatic.
Palladium-catalyzed methanec ombustion is known as as tructure-sensitive reaction, with a6 5-fold increase in TOF with palladium dispersion decrease from 50 to 10 %. [27] Herein, the TOF for the monometallic Pd catalyst has the largest value, althought he dispersion in some PdÀPt catalysts decreases to 16 %u pon Pt addition (Table 1) . Thus, the effect of platinum addition cannot be explained by the structure sensitivity of the reactione ither,w hich should bring abouta ni ncrease rather than adecrease in TOF.
To shed light on the mechanism of the effect of Pt, in situ Xray absorption near-edge structure (XANES) and EXAFS spectroscopy measurements were conducted for the monometallic Pd and Pt catalystsa nd the PdÀPt 2:1c atalyst, which represented the central point of the negative effect of Pt (Figures 2  and 3 ) with dispersion (31 %);t his is similart ot hat of Pd (43 %). The measurements werep erformedi nadry lean methane/airm ixture (O 2 /CH 4 molar ratio of 134, < 1ppm H 2 O) over at emperature range of 200 to 500 8Ca nd comparedw ith standard materials (Pd and Pt foils and PdO). Figure4 shows the Pd K-and Pt L 3 -edge XANESs pectra of the calcined Pd, Pt, and PdÀPt samples before the reaction. The Pd K-edge XANES probest he electronic transition from the 1s to 5p orbitals and is sensitive to both oxidation state and coordination environment of the Pd atoms. [40] The calcined PdÀPt 2:1s ample compared well to that of the Pd foil, which indicated that the majority of Pd was in the zero-valent state. On the contrary,t he spectrum of the calcined monometallic Pd sample resembled that of PdO, which implied that Pd was mostly oxidized to Pd Ignition curves recorded in the dry lean methanec ombustion.P alladium amounts in all tests were kept at 1.2 mg, except for monometallicPt (also 1.2 mg). The curve for monometallicprereduced palladium is not shown because it is identicaltot hat of oxidized Pd, within 3% error. known for calcined PdÀPt systems. [14, 37] The Pt L 3 -edge XANES spectra showed the same features between the Pt and PdÀPt 2:1s amples, which indicated that there was no differencei n the oxidation state of Pt upon Pd addition.
The in situ measurement under aC H 4 /dry air mixture shows as ubstantial change in the speciation of Pd upon increases in temperature. The calcined Pd sample consisted only of PdO; thus, to comparei tw ith the bimetallic catalyst containing mostly Pd 0 ,reduction of the monometallic Pd catalyst was conducted at 350 8Cf or 2h under as tream of H 2 gas. Figure 5 shows the Pd K-edge in Es pace for the supported Pd and PdÀ Pt 2:1u nder in situ CH 4 /dry air conditions. The spectra were collected at incrementally increasingt emperatures in methane/airf lows. Upon increasing the temperature, the PdÀPt 2:1 sample slowly became more oxidized, whereas rapid oxidation was seen in the monometallic Pd sample. To understand the change in speciation of Pd in the PdÀPt 2:1a nd Pd samples, linear combination fitting with Pd 0 and PdO standards was performed at each temperature;t he results are shown in Ta ble 2 and Figure 6 .
Linear combination fitting shows that the PdÀPt 2:1s ample was slightly oxidized at 200 8Cu nder CH 4 /dry air conditions, and the level of oxidation increased linearly up to 90 %a t 500 8C. Even at 500 8C, significant amountso fP d 0 are still present in these particles. The PdÀPt 2:1s ample still showed the metallicP df eature with as lightly decreased intensity and an edge shift, whichw as not observed in the Pd/Al 2 O 3 sample. The EXAFS results below also verify that small amountso fP d 0 are still present in the bimetallic sample. In the case of the reduced monometallic Pd sample, nearly complete Pd oxidation to PdO is seen at 200 8C, which is complete by 250 8C, and there are no further spectralc hanges beyondt hat temperature. It is known that surface palladium oxidation is complete at room temperature and bulk oxidation is diffusion limited and takes place at 200-700 8C.
[41] The ignition curve measured for the prereduced palladium catalyst wasi dentical to that of the oxidized catalyst (Figure2;w ithin a3 %c onversion variation as at ypical measurement error), in agreement with the in situ XAS results. Figure 7s hows the Fourier-transformed Pd K-edge EXAFS plot in Rs pace as af unction of temperature for the PdÀPt and reduced Pd samples under in situ CH 4 /dry air conditions. The peaks in the 1.9 to 2.5 range correspondt of irst-shellP d ÀPd and PdÀPt contributions, whereas the peak at 1.5 corresponds to PdÀOf irst-shellc ontributions. For the PdÀPt 2:1 sample, the amplitude of the PdÀPd and PdÀPt contributions decreases, whileanew PdÀOc ontribution emerges beyond 300 8C, whicha grees well with the above linear-combination fitting data. Platinum EXAFS data showedn oc hanges over the entire temperature range examined (not shown). For the Pd Kedge data shown in Figure 7a ,t he intensity of the PdÀM peaks is reduced in amplitude and broadened at higher temperatures due to increased thermald isorder in the sample. As ac onsequence of this thermal broadening, it wasn ot possible to fit EXAFS data accurately at various temperatures to extract quantitative coordination numbers for each of the PdÀO, PdÀPd, and PdÀPt contributions. The PdÀPt 2:1s ample at 500 8Cs hows as ignificant PdÀOc ontribution, but still retains weak PdÀMc ontributions. In addition, aw eak second-shell PdÀPd contribution from PdO is seen at about 3 for the Figure 7b shows the Pd K-edge EXAFS plot in the Rs pace of the reducedm onometallic Pd sample at varioust emperatures under CH 4 /dry air conditions; beyond2 00 8C, the EXAFS mainly shows the PdÀOf irst-shell contribution at 1.5 and as econd-shell PdÀPd contribution at 3.0 (due to PdO). This agreesw ith the above XANES data, which showed that the pure palladium sample was nearly completely oxidized by 200 8C. Thus, the in situ XAS studies revealed that 1) irrespectiveo f the initial reduced or oxidized state of Pd, only PdO existed at 200-500 8Cu nder oxidative reactionc onditions;2 )the state of Pt was not affected by the presence of Pd and did not change under the reactionc onditions;a nd 3) the Pd/PdO weightr atio in bimetallic PdÀPt 2:1c atalysts decreased from 98/2 to 10/90 in the 200-500 8Crange during combustion.
By coupling these observations with the kinetic data indicating the negative effect of the addition of Pt to the performance of the Pd catalyst, which is not connectedt os urface dilution,s ize effects, or structure sensitivity (Figures 2a nd 3 and Ta ble 1), it follows that Pt promotes the formation of ar educed Pd phase, which is significantly less activet han that in the methane combustion reaction, as opposed to the oxidized Pd. Asimilar negative effect of metallic palladiumwas reported by Farrauto et al., [6] and the active oxidized palladium working state was also claimed in an operando Ramans tudy. [9] Metallic Pd is characterized by ah igher activation barrierf or CÀHb ond activation in methane than that in PdO clusters. [42] The current study provides in situ evidenceo ft he importance of oxidized palladium and its dependenceo nt he presence of platinum for dry lean methane combustion in the 200-500 8Ct emperature range.
Conclusions
PdÀPt/g-Al 2 O 3 catalysts with Pd/Pt molar ratios of 0.25 to 4 were studied in dryl ean methanec ombustion in the temperature range of 200-500 8C, alongw ith monometallic Pt and oxidized and reduced monometallic Pd catalysts. The samples were precalcined at 550 8Cf or 16 ha nd assessed in the first ignition temperature-programmed reaction. Ah igher Pt proportion resulted in al ower catalysta ctivity per gram of metal(s) and surfacep roportion, as determined by CO chemisorption. The activity drop was too dramatic and could not be explained by the dispersion decrease or structure sensitivity of the reaction. In situ XANESa nd EXAFS spectroscopy measurements were conducted for Pd, Pt, and PdÀPt 2:1c atalysts. Monometallic palladium was fully oxidized in the investigated temperature range, whereas the addition of platinum promoted palladium reduction, even under the reactive oxidizing environment. The Pd/PdO weightr atio in bimetallic PdÀPt 2:1c atalysts decreased from 98/2 to 10/90 in the 200-500 8Ct emperature range under the reaction conditions. Thus,p latinum promoted the formation of ar educed palladium phase, which was significantly less active in the methane combustion reaction than that of oxidized palladium. The study shed light on the effect of platinum on the state of an active palladium surface under low-temperature dry lean methane combustion conditions, which was of importance for methane-emission control devices. Care should be exercised not to extrapolate these findings on the negative effect of platinum on palladium catalystp erformancei nm ethane-rich combustion,a td ifferent temperature ranges, in the presence of water in the feed (as in automotive converters) and long-term catalysts tability. 
Experimental Section Materials

CatalystP reparation
Pd and Pt monometallic nanoparticles were synthesized by the one-step alcohol reduction method on the basis of 0.2 mmol metal. To synthesize Pt nanoparticles, H 2 PtCl 6 and PVP with am olar ratio of 40 PVP to metal were added to a5 00 mL flask and mixed with 80 vol %e thylene glycol in water.I nt he case of Pd nanoparticle synthesis, Pd(AcO) 2 was first dissolved in dioxane (10 mL) and then mixed with the aforementioned amount of PVP and solvent solution. The resulting mixture was stirred and heated until it boiled and then heated at reflux in air under vigorous stirring for 3h to complete the synthesis of PVP-protected nanoparticles. Bimetallic PdÀPt nanoparticles were synthesized through the coreduction of metal precursors with the required molar ratios of Pd/ Pt. The rest of the process was exactly the same as that described for the monometallic nanoparticles. Ad ark colloidal suspension was obtained at the end of synthesis without any precipitates. Nanoparticles were supported on g-Al 2 O 3 by acetone precipitation to obtain 0.3 wt %m etal loading. All samples were dried and calcined in air at 550 8Cf or 16 h. Hereafter,t he catalyst after calcination that is ready for the reaction is referred to as the calcined (or oxidized) catalyst.
Catalyst Characterizations
The metal loading on catalysts was determined by NAA. Samples were irradiated for 110s in the Cd-shielded, epithermal site of the reactor core. They were counted for 30 min each on an Aptec CS11-A31C gamma detector approximately 12 ha fter irradiation. TEM images were taken with aJ EOL-2100 TEM device operating at 200 kV.C Op ulse chemisorption analysis was performed with an AutoChem 2920 instrument (Micromeritics, USA). Prior to this analysis, the samples ( % 100 mg) were reduced in 25 mL min À1 of 10 % H 2 in Ar from room temperature to 550 8Ca tarate of 20 8Cmin
À1
. Then, pulse chemisorption was performed by dosing 3% CO in He at room temperature. The volumetric flow rates of CO in He loop gas and He carrier gas were adjusted to 25 mL min
.C Ouptake per gram of pure support (g-Al 2 O 3 )w as also evaluated by using 2g of alumina, which was subtracted from the values for the supported catalysts.
In situ XAS measurements were conducted at Canadian Light Source. Full in situ methane oxidation XAS measurements were ChemPhysChem 2017, 18,238 -244 www.chemphyschem.org performed for the Pd Ke dge and Pt L 3 edge on the Hard X-ray MicroAnalysis (HXMA) beamline. The energy range used for the Pd K edge was from 24 050 to 25 400 eV.P dK -edge experiments were conducted by using aS i( 220) monochromator crystal, Pt mirrors and ion chambers filled with an N 2 /Ar gas mixture, whereas Pt L 3 -edge spectra were collected by using aS i( 111)c rystal and Rh mirrors. The samples were loaded into as ix-shooter sample cell (Figure 8 ) as pressed pellets of alumina supports containing about 2wt% metal elements, and data was collected in transmission mode. The entire setup for the in situ XAS measurements is depicted in Figure 9 .
Initially,c alcined mono-and bimetallic samples (Pd and PdÀPt 2:1) were measured, and then, in situ methane oxidation measurements were conducted. For reference compounds, Pd and Pt foils and PdO were analyzed. Two-dimensional mapping of the sample holder was conducted before the measurement to find the exact location of each sample. The range of mapping was AE 15 mm from the zero point by using the motorized setup at the beam line. For methane oxidation under dry conditions, 0.1 %C H 4 in N 2 and compressed air (ultrazero level, < 2ppm H 2 O) were combined. The samples were incrementally heated from 200 to 500 8Cu nder af low of methane and air in dry conditions. The flow rates of CH 4 /N 2 and compressed air used were 154 and 103 mL min À1 , respectively.
Linear combination fitting of normalized XANES m(E) spectra was performed by using the IFEFFIT software package. [43] The XANES spectra of PdO and the reduced Pd sample were used as reference materials, representing the Pd II and Pd 0 species, respectively.F its were performed on data at each temperature over the range of À25 to 65 eV around the absorption edges.
Catalytic Performance in the Methane Combustion Reaction
The methane combustion reaction was studied in ac onventional tubular reactor over the monometallic Pd and Pt and bimetallic PdÀPt nanocatalysts. The reduction of monometallic Pd catalysts was conducted at 350 8Cf or 2hunder ah ydrogen gas stream. Details of the reaction setup were reported previously. [15, 44] The reactor with a0 .925 cm internal diameter was packed with catalysts corresponding to 1.2 mg of active Pd. In the case of the monometallic Pt catalyst, 1.2 mg of Pt were used. Then, ag as mixture of 10 vol %C H 4 in nitrogen along with dry air was fed to the reactor at flow rates of 8.5 and 205 mL min À1 ,r espectively,f or aC H 4 concentration of about 4000 ppm in the reactor.T he composition of the product gas was analyzed by using an online Agilent 7890A gas chromatograph equipped with at hermal conductivity detector (TCD) and af lame-ionization detector (FID). In an ignition test, the temperature was increased stepwise from 200 to 500 8Ca tt he rate of 3 8Cmin
À1 and kept at each temperature for 30 min to investigate the catalytic performance in aheating ramp.
The methane conversion and kinetic parameters at 350 8C, as reported in Table 1a nd Figure 3 , were confirmed to represent intrinsic reaction conditions under isothermal reactor operation. In the most susceptible case of transport limitations for the most active Pd catalyst, Mears criterion for external mass transfer limitations (MTL) was found to be 10 À4 (no external MTL existed if the value was below 0.15). [45] The Weisz-Prater criterion for internal MTL was found to be 0.32 with Knudsen diffusion-limited pore diffusion, which corresponded to an internal effectiveness factor of 0.97 for af irst-order reaction, and thus, negligible internal MTL. [46] The absence of an external temperature gradient was confirmed by Mears correlation (value of 10 À8 ,w hich was below the maximum limit of 0.15 for the negligible gradient). [45] The maximum internal temperature rise was calculated, by using parameter b,t ob e10 À4 K, assuming an activation energy of 92 kJ mol À1 [47] and constant heat of combustion of À890 kJ mol
À1
. Figure 8 . Six-shooter sample holder for in situ XAS data collection. The total diameter of the six shooter is 18 mm, and the diameter of each hole for the sample is 4mm. The small hole at the top connects to the thermocouple, and the larger central hole is used for beam alignment. 
